technique that can also generate preoperative motor maps. Transcranial magnetic stimulation generates a brief, powerful magnetic field that induces an action potential in a small population of neurons. When pyramidal neurons of the primary motor cortex are stimulated, the resultant action potential triggers small movements in the relevant muscle groups, which can then be detected via electromyography. Like MEG imaging, TMS can be integrated with a neuronavigation system, allowing for coregistration with an anatomical scan. 15, 17, 18, 31 This navigated TMS system has the ability to generate motor maps of high resolution that (in 1 other series 32 ) correlate well with intraoperative DCS maps.
In this study, we seek to examine the accuracy of navigated TMS for preoperative motor mapping. We compare this modality with MEG imaging, which is already well validated as a noninvasive method for preoperative mapping, and with DCS, which is the gold-standard technique. In addition to evaluating the accuracy of positive motor sites, we ascertain whether a negative TMS motor map correlates with negative maps in the other 2 modalities. Finally, we correlate these findings with clinical outcomes.
Methods

Patient Population
We prospectively enrolled 24 adult patients with brain tumors in and around the somatosensory cortex. All patients were referred for clinical MEG scanning and MEG imaging at the University of California, San Francisco, Biomagnetic Imaging Laboratory. For inclusion in the study, patients had to be scheduled for subsequent craniotomy with motor mapping. Patients with seizure frequency greater than 1 per week were excluded from the study, as were patients with cardiac pacemakers or implanted metal devices in the cranial region. All patients were treated by a single neurosurgeon (M.S.B.). Patients underwent neurological examination before and after surgery; they were followed for 3 months postoperatively, and their clinical examination results were recorded. All patients gave written informed consent to participate in the research and the study was conducted under Institutional Review Board approval.
Structural Images
High-resolution MRI was performed at 1.5-T to provide necessary anatomical detail for surgical planning and intraoperative neuronavigation. The protocol typically included the following sequences: 1) a T1-weighted, 3D, spoiled gradient-recalled acquisition in steady-state sequence with TR 34 msec, TE 3-8 msec, and flip angle 30°; and 2) a T2-weighted, 3D fast spin echo sequence with TR 3000 msec and TE 105 msec. Both sequences used the following parameters: slice thickness 1.5 mm, matrix size 256 × 256 × (108 to -140), and FOV 260 mm × 260 mm, with skin-to-skin coverage to include the nasion and preauricular points.
Magnetoencephalography Recordings
Magnetic fields were recorded in a magnetically shielded room using a 275-channel whole-head CTF Omega 2000 system (VSM MedTech). A sampling rate of 600 Hz was used. Each patient lay on a comfortable bed. For the motor task, individuals performed self-paced unilateral, index-finger button pressing once every 3-4 seconds for a total of 100-250 movements. The button press was used to mark the onset of movement. Motor tasks were performed using both left and right fingers.
Analysis of MEG Data
The MEG data obtained during the motor task were bandpass-filtered in the b band (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . Sensor data covariance was computed in a window beginning approximately 600 msec before the onset of movement, designated as the active period. Sensor data covariance was also computed for a 600-msec baseline control period 1-2 seconds after movement onset. Details of the adaptive spatial filtering algorithm used to analyze the b-band ERD are described elsewhere. 41, 42, 47 In brief, an estimate of the source power at each voxel in the brain, based on the MEG data, are computed for the active and control time periods, using a forward-field computed assuming a multiple local-sphere spherical volume conductor model, making use of the sensor data covariance. Source power estimates are obtained at a 5-mm resolution across the entire brain for the active and control periods, and a pseudo-F ratio is calculated. Negative values of the pseudo-F ratio indicate desynchronization and positive values indicate synchronization. This process of adaptive spatial filtering was performed using a commercially available, synthetic-aperture magnetometry software package (VSM MedTech Ltd.) and integrated with custom-built in-house software package (NUTMEG). 8 Locations of peaks of the ERD images were used to indicate the location of the hand motor cortex. For each individual, the ERD/event-related synchronization images were overlaid on the preoperative high-resolution MR images as described above.
Transcranial Magnetic Stimulation Recordings
We used the Navigated Brain Stimulation system (Nexstim) for motor mapping of frontal cortical areas. This device delivers a biphasic magnetic pulse from a figure-of-eight coil. This magnetic pulse is able to induce an electric field; in the case of cortical stimulation, the magnetic pulse induces an electric field in the neurons beneath. The strength and directionality of this field is calculated according to a dynamic spherical model, which takes into account the preset parameters of stimulation as well as the patient's scalp/skull thickness.
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A high-resolution T1-weighted MRI series was acquired as described above and uploaded to the Navigated Brain Stimulation software, which recreated a 3D model of the patient. This anatomical scan was then coregistered to the patient's head using anatomical landmarks and surface matching. 12 The mapping surface was located between 23-and 28-mm deep to the scalp; the peeling depth was adjusted on a case-by-case basis to best reveal the cortical anatomy.
Surface electrodes (Neuroline 720, Ambu) were attached to the patient's muscles for electromyography re-cording. All patients had electrodes affixed to abductor digiti quinti and abductor pollicis brevis muscles; the orbicularis oris was monitored on a case-by-case basis if warranted by tumor location. Resting motor threshold was then determined. The most likely location of the hand knob was identified. This area was then stimulated while systematically varying the location of the induced electrical field, as well as its tilt and yaw. Resting motor threshold was defined as the minimum stimulation intensity capable of generating an MEP in 50% of cases. 34 Motor mapping was then performed at 110% of resting motor threshold. The peritumoral region was covered systematically, including the motor cortex as well as adjacent cortices. Areas adjacent to the tumor, as well as the tumor itself, were mapped if the lesion was visible at the peeling depth. The electrical field strength was optimized by the software, which dictated the tilt of the stimulator coil. The orientation of the dipole was largely maintained in perpendicularity to the adjacent sulcus. In areas that induced MEPs in target muscle groups, the density of stimulations increased so as to precisely identify the locus of maximal MEP. This locus was then identified as the "motor site."
Surgical Procedure and DCS Mapping
All patients underwent surgery for tumor resection, using DCS mapping 24 hours after the MEG scan and TMS were performed. Neuronavigation was used in all cases; the craniotomy was tailored according to the exact extension of the tumor with a 3-cm margin of surrounding brain tissue. A positive motor site was defined as an area that induced involuntary movement when stimulated. Full details of our DCS mapping protocol have been previously described. 3, 4 A bipolar electrode with 5-mm spaced tips, delivering a biphasic current, was applied to the brain; the biphasic current consisted of square-wave pulses in 4-second trains at 60 Hz, with single-pulse phase duration of 1 msec. Cortical mapping was initiated at 1.5 mA under awake surgery or 6 mA under general anesthesia, and increased to a maximum of 6 mA under awake anesthesia and 16 mA under general anesthesia. Stimulation sites were identified using sterile numbered labels distributed per square centimeter of exposed cortex. After the cortical mapping was completed, the tumor was removed in a tailored fashion; when a functional cortical site was detected, a 1-cm margin of tissue was always preserved around this site. 11 The exact locations of the functional sites were registered with a navigational MRI system; this was performed just after the cortical mapping and before any tumor removal that could have been a source of spatial mislocalization by brain shift. 13 
Analysis of Motor Sites
Intraoperative DCS motor sites were translated into DICOM coordinates. Because the MEG imaging motor site was often buried in a sulcus, a projection was made to the cortical surface so that MEG imaging motor sites would be coplanar with TMS and DCS motor sites. These sites were also translated into DICOM coordinates, along with the DCS sites, and were imported into the Navigated Brain Stimulation software. This software allows for real-time visualization of 3D reconstructions of anatomical MR images with TMS, MEG imaging, and DCS motor sites overlaid. Distances between TMS and MEG imaging sites were calculated for every patient. For patients with positive DCS sites, distances were calculated between these sites and TMS as well.
Because TMS motor maps localized abductor digiti quinti and abductor pollicis brevis muscles while MEG localized the flexor digitorum profundus muscle, the motor maps for the 2 modalities were expected to be somewhat disparate. In an effort to estimate the location of the flexor digitorum profundus muscle on TMS, the midpoint was calculated between the abductor digiti quinti and abductor pollicis brevis muscles. This point formed the basis for a secondary analysis, in which the distance between it and the MEG motor site was calculated.
Results
Demographics and Tumor Characteristics
In a 5-month period, 31 craniotomies were performed with motor mapping at the University of California, San Francisco, by a single surgeon (M.S.B.). Of these 31 patients, 5 refused participation, 1 was excluded based on tumor type (metastatic lesion), and 1 was excluded for frequent seizures, leaving 24 patients used in the analysis (Table 1 ). There were 10 male and 14 female patients, and ages ranged from 27 to 70 years with a median age of 41 years. Left-sided lesions were found in 18 patients, while 6 were found on the right side. Twelve patients were newly presenting and 12 had recurrence. Eight patients had frontal lesions, 7 had temporal lesions, and 5 had parietal lesions. The remaining 4 tumors spanned multiple lobes. Final pathology results demonstrated anaplastic astrocytoma (WHO Grade III) in 4 patients, glioblastoma (WHO Grade IV) in 7 patients, oligoastrocytoma (WHO Grade II) in 5 patients, oligodendroglioma (WHO Grade II) in 4 patients, oligodendroglioma (WHO Grade III) in 3 patients, and treatment effect in 1 patient (Table 1) .
Motor Mapping
All 24 patients underwent MEG imaging and TMS as described above. The MEG imaging algorithm successfully localized a motor site for index finger flexion in each patient (Fig. 1) . Transcranial magnetic stimulation was able to localize abductor digiti quinti and abductor pollicis brevis muscles in 23 patients; TMS could not identify any motor sites in 1 patient with an infiltrating glioma within the somatosensory cortex (Fig. 2) . Transcranial magnetic stimulation also identified a motor site for the orbicularis oris in 3 patients. Eighteen patients underwent intraoperative motor mapping with DCS, which identified 8 motor sites in 5 patients, of which 2 were thumb motor sites, 3 were little finger motor sites, and 3 were mouth motor sites (Fig. 3) . The remaining patients had negative motor maps using DCS (Fig. 4) . There was no significant difference in quality of motor maps by any modality between patients undergoing initial resection and those undergoing resection for recurrence.
Comparison of Motor Maps
In comparing TMS motor sites to MEG motor sites, 2 analyses were performed. The first analysis compared each patient's abductor digiti quinti and abductor pollicis brevis sites with the MEG imaging-derived motor site for index finger flexion. Orbicularis oris TMS sites were omitted because MEG imaging did not identify any mouth motor sites. In all, 46 sites from each group were compared and 46 distances were calculated. According to the Lilliefors test, the data followed a normal distribution. The median distance between MEG imaging of the index finger and TMS of the abductor digiti quinti muscle was 8.98 ± 1.41 mm; and that between MEG imaging of the index finger and TMS of the abductor pollicis brevis muscle was 6.16 ± 0.73 mm (Fig. 5) . Overall, the median distance from MEG imaging of the index finger to either TMS site was 8.20 ± 0.77 mm (Fig. 6) . The second analysis compared the MEG imaging index finger site with an interpolated midpoint between TMS of the abductor digiti quinti muscle and TMS of the abductor pollicis brevis muscle. In this analysis, 23 sites from each group were compared and 23 distances were calculated. The data were normally distributed. The median distance was 4.71 ± 1.08 mm (Fig. 7) .
In comparing TMS with DCS motor sites, a total of 8 TMS points were compared with 8 DCS points. The TMS and DCS points were matched based on their association with the same target muscle group. With 8 points in each group, a total of 8 distances were calculated. The median distance between TMS and DCS sites was 2.13 ± 0.29 mm (Fig. 8) . Finally, the median distance between MEG imaging-derived motor sites and DCS was 12.1 ± 8.2 mm. The distances among all 3 modalities are summarized in Table 2 . Of note, all patients who had negative DCS mapping also had negative TMS mapping within the area subtended by the craniotomy. Stated differently, DCS mapping did not find any new motor site that TMS failed to identify.
Clinical Outcomes
No patients had significant complications during their postoperative course. Of the 24 patients in the series, 21 had intact motor strength at the time of discharge. Two of these patients experienced significant resolution of motor strength at the 3-month follow-up evaluation and were experiencing difficulty with fine motor tasks only. The remaining patient, at last follow-up of 6 months, had 4/5 strength in proximal arm muscles, as well as significant right upper-extremity apraxia and difficulty with fine motor tasks. No patients had complete palsy of any muscle group at 3 months. No patient died over the course of the study.
Discussion
Direct cortical stimulation for motor mapping in patients with tumors in proximity to sensorimotor cortex allows the surgeon to maximize the extent of resection while minimizing morbidity. Current data suggests that 3%-5% of patients undergoing this procedure will incur a new, permanent motor deficit. 5, 10, 16 With sensitive mapping techniques and neuronavigation, we are pushing the extent of resection to its safe perimeter. In these cases, the spatial resolution of the mapping technique is the limiting factor in demarcating the boundary between eloquent and noneloquent tissue. Preoperative motor mapping with TMS can aid in the rapid, accurate identification of these regions, allowing the surgeon to hone in on known motor sites that might otherwise be difficult to identify because of distorted anatomy. Our data suggest that the TMS motor maps are well within the tolerances described for both TMS and DCS. Similarly, the discrepancies between TMS and MEG imaging motor sites are within the tolerances described for these techniques.
Magnetoencephalography Imaging Compared With TMS Motor Sites
We and others have reported previously on the accuracy of MEG b-band ERD in localizing the hand motor cortex. 21, 22 In our prior series, localization of the hand motor cortex using b-band ERD showed good correlation with DCS, with a median distance of approximately 1 cm between sites. In that series as well as the present study, the chosen motor task is a button push with the index finger. This task yields a strong signal with a focal movement, thereby optimizing the signal-to-noise ratio. Similarly, the TMS mapping is performed using optimum target muscle groups-in this case, the abductor digiti quinti and abductor pollicis brevis. In our experience, these muscles yield better electromyographic signals and, consequently, better maps than do other muscles such as the first dorsal interosseous. These differences are likely a result of anatomical limitations, as well as our usage of surface rather than needle electromyography electrodes, a choice made to optimize patient comfort. Thus, the MEG imaging and TMS motor maps are based on motor sites that, although neighbors in the somatotopic cortical rep- resentation, are not identical, and both modalities have the resolution to identify these sites as distinct.
Thus, as we report, there is a consistent distance between the MEG imaging motor site and each of the 2 TMS motor sites, which likely represents the distance between index finger and little finger/thumb sites in the somatotopic cortical representation. This finding is consistent with prior functional MRI-based studies of hand somatotopy. 2, 9 It should also be emphasized that although we designate a single motor "site" based on the point of maximal electromyographic response, we did find that the representation of a given muscle is often spread out over some area, which is consistent with prior observations of redundancy in the motor systems of primates and humans. 9, 20, 38 Despite the overlap in finger somatotopy, there is a relative preservation of an ordered arrangement of finger representations. 9 We therefore interpolated the midpoint between abductor digiti quinti muscle and abductor pollicis brevis muscle to predict the location of the index finger motor site. As predicted, the distance between this derived point and the MEG imaging index finger site was smaller, thereby confirming that the location of our motor sites fit with existing models of hand somatotopy.
Transcranial Magnetic Stimulation and Negative DCS Mapping
As an increasing numbers of studies 35, 36 report on the safety of negative mapping, the smaller, tailored cortical exposure is rapidly becoming accepted as the standard of care for management of tumors in eloquent cortex. Two studies 5, 16 have shown that patients with negative DCS maps have lower rates of postoperative deficit than patients whose cortical or subcortical motor tracts were identified. In our study, preoperative TMS mapping identified a motor site if, and only if, DCS identified that motor site. Thus, there is complete concordance between the TMS and DCS motor maps. Additionally, the agreement between TMS and MEG imaging motor maps serves as a positive control in those patients with negative DCS motor maps. Therefore, if a given craniotomy does not over- lap with any positive TMS motor sites, the surgeon should expect to find a negative DCS motor map.
Limitations of the Study
As with all modalities that depend on coregistration between the patient and a prior scan, there are inherent inaccuracies in TMS neuronavigation. All of our TMS coregistrations achieved the minimum tolerance, and the manufacturer-described error in the system is 5.7 mm. Thus, the distances between TMS, DCS, and MEG imaging sites were approaching the maximum resolution attainable by the system. Despite this accuracy, in individual cases the distance between DCS and TMS motor sites was more than 2 cm. Therefore, if greater accuracy is required, DCS mapping remains essential. It should be noted that this study focused on hand motor sites, and thus its findings should not be generalized to other motor regions such as the face and legs. Furthermore, other higher-level functions (such as language) still require separate, dedicated testing. Finally, the number of patients with positive mapping sites is relatively small, and data from larger patient series must be accumulated before any alteration of clinical practice should be considered.
Despite undergoing multimodal motor mapping, 1 patient in this study developed a new, permanent postoperative deficit. In this patient, both TMS and DCS failed to find any motor sites, despite exhaustive mapping of the rolandic cortex using both modalities (MEG imaging identified 1 motor site within the lesion; Fig. 2 ). This case illustrates that the limitations of TMS may be similar to those of DCS. If tumor infiltration has distorted or destroyed enough pyramidal cells, then neither modality can induce an action potential in enough neurons to generate a detectable response. This situation may represent a potential way of achieving a false-negative result. Another limitation of TMS is its inability to access subcortical regions. Thus, while it has demonstrated great promise in mapping cortical regions, the surgeon must rely on DCS for mapping deep white matter tracts after resection has begun. Finally, because TMS is based on preoperative MRI, the TMS motor map cannot account for the shifts and tissue distortion that occur intraoperatively. Again, the surgeon must use DCS to attain real-time data if it is required.
Conclusions
Maps of the motor system generated with TMS correlate well with those generated by both MEG imaging and DCS. Negative TMS mapping also correlates with negative DCS mapping. Although DCS is necessary for intraoperative motor mapping, navigated TMS is an accu- rate modality for noninvasively generating preoperative motor maps.
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